BCR-ABL expression led to a dramatic up-regulation of the IL-3, IL-5, and granulocyte-macrophage colony-stimulating factor receptor ␤ common (IL-3R␤c) and IL-3 receptor ␤ (IL-3R␤) chains in murine embryonic stem cell-derived hematopoietic cells coincident with an expansion of multipotent progenitors and myeloid elements. This up-regulation required BCR-ABL tyrosine kinase activity and led to IL-3R␤c͞␤ chain tyrosine phosphorylation in the absence of detectable IL-3 production. These results suggested that cytokine-independent IL-3 receptor activation could be a dominant signaling component in BCR-ABL-induced leukemogenesis. To unambiguously define the significance of IL-3 receptor-dependent signaling in BCR-ABLinduced leukemogenesis, BCR-ABL-transduced bone marrow cells deficient in either IL-3R␤c chain or both IL-3R␤c͞␤ chain expression were examined for their ability in generating myeloproliferative disease (MPD). These BCR-ABL-expressing knockout cells were capable of generating MPD similar to control cells, demonstrating that IL-3 receptor activation is not essential for BCR-ABL-induced MPD. However, the IL-3R␤c͞␤ chain could act as a cofactor in BCR-ABL-induced leukemogenesis by activation of its many known oncogenic signaling pathways.
C
ytokine signaling has been shown to regulate the growth and development of hematopoietic cell populations (reviewed in ref. 1) . Constitutive activation of cytokine receptors has been shown to generate hematopoietic malignancies in animal models (reviewed in ref. 2 ) and be causative factors in cancers in humans (reviewed in ref. 3) .
The Philadelphia (Ph) chromosome generates the BCR-ABL oncogene, which accounts for Ͼ90% of chronic myelogenous leukemia (CML) cases and 5-15% of acute B cell lymphoblastic leukemias (reviewed in ref. 4) . BCR-ABL tyrosine kinase activity has been demonstrated to be essential for the induction of in vitro cellular transformation (5) and in vivo leukemogenesis (6, 7) . Suppression of BCR-ABL tyrosine kinase activity with the small molecule inhibitor imatinib mesylate has been shown to correlate with hematological remission in CML patients (8, 9) . However, a significant percentage of CML patients at the acute phases of the disease relapse from imatinib mesylate treatment (10) because of mutations in BCR-ABL rendering the protein resistant to drug inhibition (11, 12) .
CML is a hematopoietic stem cell (HSC) disease. The Ph chromosome is initially formed in the HSC and subsequently transduced to all hematopoietic lineages (reviewed in ref. 13) . Although the Ph chromosome is present in all hematopoietic lineages, BCR-ABL expression mainly expands progenitors and mature myeloid cells, while causing mild anemia in chronic-phase CML patients (14) . The selectivity of BCR-ABL in affecting specific hematopoietic populations suggests that its expression may regulate transcription factors, cytokines, and their receptors that selectively affect the development of these cell populations. The cytokines IL-3 (7, (15) (16) (17) (18) , vascular endothelial growth factor (VEGF) (19, 20) , granulocyte colony-stimulating factor (G-CSF) (16) , and granulocyte-macrophage colony-stimulating factor (GM-CSF) (7) have been shown to be up-regulated in BCR-ABLexpressing cells.
An unanswered issue in BCR-ABL signaling is whether any cytokine pathways are essential or play dominant roles in BCR-ABL-induced leukemogenesis. Juvenile myelomonocytic leukemia is a myeloproliferative disease (MPD) that shares some clinical features with CML (reviewed in ref. 21) . Data from cultured human juvenile myelomonocytic leukemia cells and murine models implicate deregulated GM-CSF signaling as playing a central role in initiating and maintaining this leukemia (22) (23) (24) (25) . Based on these data, we reasoned that activated growth factor receptors might cooperate with BCR-ABL in leukemogenesis.
IL-3 is a prominent cytokine shown to be up-regulated on BCR-ABL expression in both hematopoietic cell lines and primary leukemic cells (7, (15) (16) (17) (18) . IL-3 has been shown to be secreted in the BCR-ABL-expressing FDCP-1 cell line (15) , and culture medium from BCR-ABL-expressing embryoid bodies was capable of supporting the growth of IL-3-dependent cell lines 32D and BaF3 (17) . A BCR-ABL-induced MPD demonstrated expansion of both BCR-ABL-positive and -negative myeloid cells concomitant with IL-3 transcription (7). These results suggest that BCR-ABL-expressing cells may have a trans effect on expanding normal cells by means of IL-3 secretion.
Although BCR-ABL expression led to growth factor independence in the BaF3 cell line, no detectable amounts of IL-3 were secreted, and these BCR-ABL-expressing cells were incapable of supporting the growth of control BaF3 cells (26) . Further, CD34 ϩ CML progenitors mixed in with normal CD34 ϩ cells led to the sole outgrowth of leukemic cells (27) . These findings demonstrated predominantly cell-autonomous and not trans effects of BCR-ABL expression on IL-3 up-regulation.
Surprisingly, IL-3 knockout and control bone marrow cells were shown to be similarly competent in generating an acute BCR-ABLinduced MPD in wild-type or IL-3 knockout recipients (28) . These results demonstrated that IL-3 was not required in either a cellautonomous or non-cell-autonomous manner in the generation of BCR-ABL-induced MPD. IL-3R␤c chains have been shown to be activated and capable of inducing cytokine-independent cell growth in the absence of ligand binding by formation of stable interlocking homodimers (29, 30) . These results reveal a potential mechanism by which BCR-ABL could activate IL-3 receptor signaling in the absence of ligand production to generate leukemia.
Using an embryonic stem cell (ES) in vitro differentiation system with tetracycline-regulated BCR-ABL expression, we observed a dramatic up-regulation of the IL-3R␤c and IL-3R␤ chains in ES-derived hematopoietic progenitors on BCR-ABL induction. BCR-ABL has been shown to interact with and induce tyrosine phosphorylation of the IL-3R␤c chain (31) . Expression of activated forms of IL-3R␤c chains in bone marrow cells generated MPDs (32) , and IL-3R␤c chain activation has been shown to activate multiple signaling molecules (reviewed in ref. 33) known to be prominent components in BCR-ABL-induced cellular transformation (reviewed in ref. 34 ). These combined findings suggested that increased IL-3R␤c͞␤ chain expression could be a dominant mechanism by which BCR-ABL expands hematopoietic progenitors and myeloid elements in a ligand-independent cell-autonomous manner, leading to leukemogenesis.
To define in an unambiguous manner the significance of IL-3 receptor activation in BCR-ABL-induced leukemogenesis, BCR-ABL-transduced bone marrow cells deficient in either IL-3R␤c chain or both IL-3R␤c͞␤ chain expression were examined for their ability to generate MPD. BCR-ABL-expressing IL-3R␤c chain single-knockout or IL-3R␤c͞␤ chain double-knockout bone marrow cells generated MPDs in transplanted recipients similar to control cells. These findings reveal that IL-3 signal transduction is not essential for BCR-ABL-induced MPD.
Materials and Methods
Cell Culture and Induction of MPD. ES in vitro differentiation, induction of BCR-ABL (P210 form) internal ribosome entry site (IRES) enhanced green fluorescent protein (EGFP) expression, and drug inhibition of BCR-ABL tyrosine kinase were as described (35) (36) (37) .
Wild-type C57BL͞6 mice were originally purchased from The Jackson Laboratory, and mice with either a homozygous null mutation of the IL-3R␤c chain (38, 39) or homozygous null mutations in both the IL-3R␤c and IL-3R␤ chains (40) were backcrossed at least 12 generations into a C57BL͞6 background and maintained at the University of California, Los Angeles.
Retroviral transduction of BCR-ABL (P210 form) IRES EGFP into wild-type and IL-3R␤c chain-deficient bone marrow cells and transplantation into recipient mice were as described (6, 7) . Retroviral infection of IL-3R␤c͞␤ double-knockout bone marrow cells and control cells were performed with the cytokine combination of 25 ng͞ml murine thrombopoietin and 100 ng͞ml murine FLT-3 ligand instead of IL-3 and IL-6, while maintaining 100 ng͞ml murine stem cell factor (SCF) (R & D Systems) because of the inability of IL-3R␤c͞␤-deficient cells to respond to IL-3 activation (40) . This alternative cytokine combination has been shown to stimulate 5-fluorouracil (5-FU)-treated bone marrow cells into cycle and enable retrovirus-mediated gene transfer to HSCs͞ progenitors (41) .
Flow cytometry, pathological evaluation, cell sorting, and cell morphological analyses were as described with the additional phycoerythrin-conjugated anti-IL-3R␤c͞␤ (Pharmingen) antibody used in analyses according to the manufacturer's protocol (36) .
RNA Isolation and RT-PCR.
Total RNA extraction and RT-PCR were performed as described (36) by using primers as described (42) (43) (44) (45) (46) . IL-3R␤ amplification was performed with sense 5Ј-TAATCAA-CATGACCCTCCTC-3Ј and antisense 5Ј-GCCGAGTGCGCA-CACGGGCA-3Ј IL-3R␤ primers, which crossed exon boundaries and generated a 460-bp cDNA fragment on PCR amplification at 30 cycles with 30-s denaturation at 95°C, 30-s annealing at 55°C, and 60-s primer extension at 72°C. PCRs on cDNAs were initially performed with ␤-actin primers at 12, 14, and 16 cycles, during the linear range of ␤-actin amplification, and cDNAs that generated matching levels of ␤-actin were subsequently used in further PCRs.
Protein Analyses. Immunoblotting was performed as described (36) with the addition of the anti-IL-3R␤c͞␤ chain antibody and the anti-IL-3R␣ chain antibody (sc-678 and sc-681, Santa Cruz Biotechnology), which were used according to the manufacturer's protocol. To detect IL-3R␤c͞␤ chain tyrosine phosphorylation, murine IL-3 (R & D Systems) was added on days 5, 6, and 7 of ES differentiation. Hematopoietic progenitors were harvested on day 7 of ES differentiation 10 min after IL-3 addition. To maximally inhibit protein phosphotyrosyl-phosphatases, activated 200 mM NaVO 4 , prepared as described (47), was combined with 200 mM H 2 O 2 and added to cultures at a 1:1,000 dilution 15 min before cell harvest. One milligram of protein lysates was immunoprecipitated with 2 g of anti-IL-3R␤c͞␤ chain antibody (sc-678) overnight at 4°C and subsequently bound to protein A-Sepharose beads (Amersham Pharmacia) for 45 min. Bound beads were washed three times with extraction buffer lacking SDS and boiled in SDScontaining sample buffer for 5 min to release immunoprecipitated proteins. Of immunoprecipitated protein lysate, 250 g equivalents was analyzed for antibody detection.
Results
BCR-ABL Expression Up-Regulates both IL-3R␤c and IL-3R␤ Chain RNA Expression. We have described an ES in vitro differentiation system whereby acute BCR-ABL induction by means of tetracycline regulation led to the selective expansion of ES-derived multipotent and myeloid progenitors with a reduction in erythroblast development (36) . We hypothesized that the effects of BCR-ABL could be mediated by regulation of transcription factors, cytokines, and their receptors critical in the generation of these cell types.
We turned BCR-ABL IRES EGFP expression on at the onset of ES in vitro differentiation into hematopoiesis and harvested EGFPexpressing and control cells 48 h later. These cells were largely composed of multipotent and myeloid progenitors and erythroblasts as determined by fluorescence-activated cell sorting (FACS) (Fig. 1A) . BCR-ABL expression led to a 3-to 4-fold expansion in ES-derived multipotent and myeloid progenitors with a 4-fold reduction in erythroblast development (ref. 36 ; data not shown).
RNA was extracted from these cells and RT-PCRs were performed on BCR-ABL ϩ and Ϫ samples by using a select group of primers specific for cytokines, their receptors, and hematopoietic transcription factors. The genes examined have been shown to be critical for HSC͞progenitor, myeloid, and erythroid cell development through genetic loss-of-function studies (reviewed in ref. 1) .
Of a set of 17 different gene primer pairs, the IL-3R␤ and IL-3R␤c chains were the only ones up-regulated on BCR-ABL induction (Fig. 1B) . To determine whether this up-regulation occurred in multipotent and myeloid progenitor populations shown to be expanded on BCR-ABL induction (ref. 36 ; data not shown), these specific cell populations were FACS sorted to Ͼ95% purity and analyzed for IL-3R␤c chain RNA expression. Cell surface receptor combinations of CD34 ϩ , c-KIT ϩ , and CD11b Ϫ were used to define multipotent progenitors, and myeloid progenitors were defined as expressing CD34, c-KIT, and CD11b. BCR-ABL induction elevated IL-3R␤c chain mRNA levels in both multipotent and myeloid lineage-committed progenitors (Fig. 1C) .
BCR-ABL Expression Up-Regulates Cell Surface Expression of IL3R␤c͞␤
Chains. Acute 48-h BCR-ABL induction up-regulated IL3R␤c͞␤ chain cell surface expression in approximately a third of EGFP-expressing ES-derived hematopoietic progenitors, whereas 3% of control cells had demonstrable expression of these receptors ( Fig. 2A) . The IL-3R␤c and IL-3R␤ chains are Ͼ95% indentical at the amino acid level, and available antibodies against these receptors recognized both receptors and could not distinguish between them. BCR-ABL has been shown to augment cellular adhesion to fibronectin in a tyrosine kinase-independent manner (48) . Upregulation of IL-3R␤c͞␤ chains was inhibited by Ͼ90% on addition of the BCR-ABL tyrosine kinase inhibitor imatinib mesylate (Gleevec, STI571, or CP57148B) (Fig. 2 A) . This cell surface up-regulation of the IL-3R␤c͞␤ chains was similarly distributed among multipotent and myeloid progenitors correlating well with its enhanced mRNA levels (Figs. 1C and 2B ).
After 9 days of induction, BCR-ABL further augmented cell surface up-regulation of IL-3R␤c͞␤ chains to between 60% and 70% of ES-derived hematopoietic cells coincident with low levels of CD11b expression (Fig. 2C) . This finding is in contrast to control cells, where the large majority of cells expressed a high level of CD11b and lacked IL-3R␤c͞␤ chain expression (Fig. 2C) . The maturation status of myeloid cells has been shown to be directly correlated with the level of CD11b expression, where low levels of CD11b expression indicate immature cells and high levels of CD11b expression represent mature cells (49) . Long-term BCR-ABL expression was shown to delay myeloid cell maturation during differentiation of FDCP-mix cells (50) . IL-3R␤c͞␤ chain upregulation may play a role in delaying the maturation of myeloid cells observed in BCR-ABL-expressing hematopoietic cells.
BCR-ABL Expression Leads to IL-3R␤c͞␤
Chain Tyrosine Phosphorylation. IL-3 signal transduction can be mediated by cytokinedependent or growth factor-independent mechanisms (Fig. 3A) .
The IL-3R␤c chain has been shown to heterodimerize with IL-3R␣, IL-5␣, or GM-CSF␣ receptors on ligand binding, leading to activation of those respective signaling pathways (reviewed in ref. 33 ). In the mouse, unlike in humans, an additional IL-3R␤ form is expressed that has been shown to exclusively activate IL-3 signal transduction by means of IL-3 and IL-3R␣ binding (reviewed in ref. 33) . IL-3R␤c chains have been shown to form stable interlocking homodimers in the absence of ligand binding (30) , leading to cytokine-independent cell proliferation (29) .
Although the IL-3R␣ protein was already expressed in ESderived hematopoietic progenitors, it was not up-regulated on BCR-ABL induction (Fig. 3B) . IL-3 mRNA was not detected in ES-derived hematopoietic progenitors with or without BCR-ABL induction (Fig. 3C) . OP9 stromal cells that support the growth and differentiation of ES also did not express IL-3 mRNA (Fig. 3C) . Sera used to support ES in vitro differentiation were of bovine origin, suggesting that IL-3 signaling could not have been activated in this murine cell system by this source. These results demonstrate that BCR-ABL expression does not generate all the IL-3-signaling components required for ligand-dependent activation of IL3R␤c͞␤ chains in this ES in vitro differentiation system.
In the absence of IL-3 stimulus, BCR-ABL expression led to IL-3R␤c͞␤ chain tyrosine phosphorylation at levels similar to ligand stimulation in ES-derived hematopoietic progenitors (Fig.  3D) . IL-3 stimulation in non-BCR-ABL-expressing, ES-derived progenitors led to a slight 1.5-fold increase in cell expansion coincident with up-regulation and tyrosine phosphorylation of Fig. 3D; data not shown) . Addition of IL-3 did not augment BCR-ABL-induced expansion of this cell population (data not shown). These results suggest that IL-3-independent activation of IL-3R␤c͞␤ chains could be a dominant signaling mechanism by which BCR-ABL induces leukemia.
IL-3R␤c͞␤ chains (

IL-3R␤c Chain Expression Is Not Required for BCR-ABL-Induced MPD.
To critically determine the role of IL-3R␤c chain up-regulation in BCR-ABL-induced leukemogenesis, IL-3R␤c chain knockout and wild-type bone marrow cells were compared in their ability to generate BCR-ABL-induced MPD. IL-3R␤c chain-deficient mice are reported to have a largely intact hematopoietic compartment with normal survival of neutrophils and macrophages (38, 51) and are unlikely to enhance or suppress myelopoiesis in the absence of BCR-ABL expression.
Mice transplanted with BCR-ABL-transduced wild-type or IL3R␤c chain knockout bone marrow cells developed fatal MPDs (Fig. 4) . Nine of 10 mice containing wild-type infected cells generated a deadly MPD 12 days after transplantation and 9 of 10 mice transferred with knockout infected cells developed similarly fatal MPDs 2 days later (Fig. 4A) . By the log rank test, the 2-day delay in disease latency between wild-type and IL-3R␤c knockout groups was statistically significant with a P value of Ͻ0.0001.
Both groups of mice developed MPDs with indistinguishable phenotypes characterized by a domination of BCR-ABLexpressing progenitors and myeloid elements as determined by KIT and CD11b expression and cellular morphology (Fig. 4B) . Both groups of mice developed similar elevated white blood cell (WBC) counts with an average of 8.35 ϫ 10 7 Ϯ 1.1 WBCs per ml for both groups of mice and developed similar levels of splenomegaly with average spleen weights of 399 Ϯ 42 mg and 380 Ϯ 60 mg for wild-type and knockout transplanted cells, respectively. Both groups of mice developed leukemic cell infiltration in the liver and pulmonary hemorrhage (Fig. 4A Right and data not shown) . These results demonstrate that IL-3R␤c chain expression is not an obligate requirement of BCR-ABL-induced MPD, but it may play a role in accentuating disease progression.
Both IL-3R␤c and IL-3R␤ Chains Are Dispensable for BCR-ABL-Induced
MPD. Although IL-3R␤c chain knockout mice lack one of the major receptors required for IL-3 signaling, they express the IL-3R␤ chain whose activation can lead to IL-3 signal transduction (38, 51) . We have shown that BCR-ABL induction in ES-derived hematopoietic progenitors led to the up-regulation of both IL-3R␤c and IL-3R␤ chains (Fig. 1B) . IL-3R␤c and IL-3R␤ chain double-knockout mice have been shown to maintain normal steady-state hematopoiesis with their bone marrow cells being unresponsive to the cytokines IL-3, IL-5, and GM-CSF (40) . To unambiguously determine the requirement of IL-3 signaling in BCR-ABL-induced leukemogenesis, we examined the ability of these double-knockout cells in generating BCR-ABL-induced MPD.
BCR-ABL-transduced IL-3R␤c͞␤ chain double-knockout cells generated MPDs in transplanted mice similar to wild-type BCR-ABL-expressing cells (Fig. 5) . All mice transferred with wild-type BCR-ABL-expressing cells from two combined experiments with a total group size of 14 mice developed fatal MPDs by 10 days after transplantation (Fig. 5A Left) . In the same combined two experiments, 100% of mice transferred with BCR-ABL-expressing IL3R␤c͞␤ chain double-knockout cells generated MPDs 12 days after transplantation (Fig. 5A Left) . A logrank test comparing survival curves of mice transplanted with wild-type and double-knockout cells gave a P value of 0.0027, suggesting that the difference in disease latencies between the two groups of mice is statistically significant.
Leukemic cells in both groups of mice were largely composed of BCR-ABL-expressing CD11b-low, CD11b-high, and KIT-positive cells with morphological features of hematopoietic progenitors, myeloblasts, and mature myeloid elements (Fig. 5B) . Both groups of mice had similar elevated WBC counts with an average of 8.62 ϫ 10 7 Ϯ 3.5 WBCs per ml and 11.65 ϫ 10 7 Ϯ 8.1 WBCs per ml for wild-type and double-knockout transplanted cells, respectively, and developed similar levels of splenomegaly with spleens weighing 447 Ϯ 25 mg and 515 Ϯ 50 mg for wild-type and double-knockout transplanted cells, respectively. Both groups of mice developed leukemic cell infiltration in the liver and pulmonary hemorrhage (Fig. 5A Right; data not shown).
These results demonstrate that cell-autonomous activation of IL-3 signaling is not essential for BCR-ABL-induced MPD but may contribute to BCR-ABL oncogenesis. . 34) . However, the capability of BCR-ABL to up-regulate these molecules independent of IL-3 activation may account for the dispensability in IL-3R␤c͞␤ chain expression in generating BCR-ABL-induced MPD. Alternatively, activated receptors for other cytokines such as Kit, Flt3, and͞or G-CSFR might cooperate with BCR-ABL and thereby compensate for inactivation of IL-3R␤c͞␤ chains.
Up-Regulation of IL-3R␤c͞␤ Chains May Enhance BCR-ABL-Induced
Leukemogenesis. In addition to up-regulating RAS and MYC, IL-3R␤c͞␤ chain activation has been shown to turn on the PI3K͞ AKT pathway (reviewed in ref. 33) . RAS, MYC, and PI3K͞AKT activation has been shown to generate and͞or contribute to the development of cancers in humans (reviewed in ref. 52) . Elevated levels of IL-3R␣ in acute myeloid leukemia have been associated with enhanced blast proliferation and poor prognosis (53) . These findings suggest that BCR-ABL up-regulation of IL-3R␤c͞␤ chains may lead to the development of more aggressive leukemias because of IL-3R␤c͞␤ chain activation of oncogenic signaling pathways.
IL-3R␤c͞␤ Chain Up-Regulation May Contribute to CML Pathogenesis
by Deregulating Hematopoietic Progenitor Maturation. Although IL-3R␤c͞␤ chain double-knockout bone marrow cells were capable of generating BCR-ABL-induced acute 7-to 12-day MPDs, inspection of the phenotype of these leukemic cells revealed that they expressed high levels of CD11b and low-to-undetectable levels of IL-3R␤c͞␤ chains (data not shown), indicative of mature myeloid cells. This finding is in contrast to the effect of BCR-ABL expression in ES-derived hematopoietic progenitors during the same time frame, which suppressed myeloid cell maturation and led to the expansion of immature myeloid elements characterized by IL3R␤c͞␤ chain up-regulation and low levels of CD11b expression. These findings demonstrate that IL-3R␤c͞␤ chains are dispensable for the generation of BCR-ABL-induced acute MPD initiating from mature myeloid cells, but suggest that IL-3R␤c͞␤ chain up-regulation may play a role in the evolution of CML originating from HSCs͞progenitors. IL-3R␤c͞␤ chain expression in HSCs͞ progenitors may delay progenitor cell maturation, which could lead to an increase in the number of immature myeloid progenitors that we have described (36) . This, in turn, could lead to the overproduction of mature myeloid cells seen in chronic phase CML.
IL-3 Receptor Activation Could Contribute to the Persistence of Ph ؉
HSCs in CML Patients. High concentrations of IL-3 have been shown to promote the self-renewal of a murine multipotential hematopoietic cell line (54) , and expression of a V449E-activated form of the IL-3R␤c chain has been shown to generate a murine MPD dominated by blasts with the surface phenotype of HSCs as defined , and lineage-negative expression (32) . BCR-ABL transduced IL-3-deficient cells have been shown to be growth factor-independent for up to 2 weeks in culture and generate an acute 15-to 20-day BCR-ABL-induced MPD (28, 45) . However, the same cells are incapable of long-term cytokineindependent growth, and prolonged in vitro expansion of these cells abrogated its ability to generate a murine multilineage leukemia unlike similarly treated wild-type cells (45) . These results suggest that IL-3 receptor activation could be a potential mechanism by which BCR-ABL-expressing HSCs͞progenitors are self-renewed to continually perpetuate disease development.
Targeted inactivation of the IL-3 signal transduction pathway by small molecule inhibitors that suppress IL-3 receptor tyrosine kinase activity or antagonist antibodies, such as BION-1, that block cytokine activation of IL-3 receptors (55) 
